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We briefly report on zero-temperature photoassociation of a Bose-Einstein condensate, focusing on
the many-body rate limit for atom-molecule conversion. An upgraded model that explicitly includes
spontaneous radiative decay leads to an unanticipated shift in the position of the photoassociation
resonance, which affects whether the rate (constant) maximizes or saturates, as well as the limiting
value itself. A simple analytical model agrees with numerical experiments, but only for high density.
Finally, an explicit comparison with the two-body unitary limit, set by the size of the condensate,
finds that the many-body rate limit is generally more strict.
PACS numbers: 03.75.Nt, 34.50.Rk, 42.50.Ct
Introduction.–Quantum degenerate molecules are of in-
terest for investigations fundamental constants [1] and
physical chemistry [2], quantum computing and encryp-
tion applications [3], as well as condensed-matter [4]
and quantum-gravity analogues [5]. For alkali-metal
atoms [6], quantum degeneracy occurs around 100 nK,
and is achieved by laser and evaporative cooling atoms
that begin at an oven temperature of about 600 K.
Unfortunately, laser cooling depends on the existence
of a closed few-level system, which does not exist for
molecules, making quantum degeneracy harder to achieve
with laser cooling [7]. Coherent association–via either
laser or magnetic fields–can provide an end run around
the need for molecular laser cooling: Since it is efficient
at quantum degenerate phase space densities [8], and
since it is fundamentally coherent, association creates
molecular condensate from already-condensed atoms [9].
Whereas magnetoassociation is currently in vogue [10],
photoassociation is crucial for systems that do not pos-
sess a Feshbach resonance, such as alkali-earth atoms.
The idea of coherent photoassociation raises a funda-
mental question of its own, namely the rate limit for con-
verting atoms into molecules. Simply put, photoassoci-
ation depletes the pair wavefunction, and the rate limit
on atom-molecule conversion is set by the refill time. In
a many-body model [11], the refill time is determined by
the interparticle spacing, and the maximum rate per unit
density is approximately K = R/ρ ∼ h¯ρ−1/3/mr, where
ρ is the condensate density and mr is the reduced mass
of a dissociated pair of atoms. In a two-body model [12],
the de Broglie wavelength sets the refill time, so that
K = R/ρ ∼ h¯ΛD/mr, which is also known as the uni-
tary limit and, at zero-temperature, is set by the size of
the condensate. The two limits should merge at the onset
of quantum degeneracy, since ρΛ3D ∼ 1, but the deeply
degenerate regime has not been fully investigated. Also,
both the many-body and unitary rates reach a maximum
for strong atom-molecule coupling. However, the many-
body model does not include spontaneous radiative de-
cay, and this qualitative agreement should be confirmed.
Experiments above [13] or at [14] the quantum de-
generate limit are inherently inconclusive, as mentioned
above, whereas the first experiments with a condensate
were thwarted by strong dipole forces at strong laser cou-
pling [15]. Subsequent condensate experiments combined
photoassociation and the Feshbach resonance, which en-
hances photoassociation and thereby allowed for observa-
tion of the rate limit at manageable intensities [16], but
observations were again consistent with both the rogue
and unitary model [17]. Recent theory has shown that,
up to an interference factor, the many-body result for
Feshbach-photoassociation agrees reasonably with the re-
sult for photoassociation alone, but only agrees with the
unitary limit in a small magnetic-field window near the
Feshbach resonance, and is otherwise more strict [18].
Here we briefly report on the many-body rate limit
for photoassociation of a Bose-Einstein condensate at
zero temperature, based on an upgrade to our previous
model [11] to include spontaneous radiative decay. Nu-
merical experiments reveal an unanticipated lightshift in
the position of laser resonance, and the effect of this light-
shift on the photoassociation rate is examined for high
and low condensate densities. We use LiNa as an ex-
ample, but the results apply generally to other species,
including homonuclear pairs, as well as the Feshbach res-
onance.
Model–We focus on the many-body model for heteronu-
clear photoassociation [19] of a Bose-Einstein condensate
of two miscible [20] species of atoms. Photoassociation
generally occurs on a timescale much shorter than the
dipole-dipole and trap interactions, and these are there-
fore negligible. Consider N1 atoms of mass m1 and N2
atoms of mass m2 that have each Bose-condensed into
the zero-momentum state |a1, a2〉 = |01〉|02〉, with the
total number of atoms N = N1 + N2. The photoassoci-
ation laser then destroys an atom from each species and
creates a dipolar molecule of mass m3 = m1 +m2 in the
electronically-excited state |e〉, with the laser detuning
δ > 0 indicating an open dissociation channel, as per
Fig. 1(a). The condensates are assumedly miscible, so
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2that heteronuclear photoassociation can proceed. In the
language of second quantization, annihilation of an atom
(molecule) from the i-th atomic (molecular) condensate
is represented by the operator ai,0 ≡ ai (b0 ≡ b). The
simplest theory has only these three levels/modes, and
dissociation of the molecules can only take place back into
the original atomic condensate level. To be more precise,
molecular dissociation to noncondensate levels should be
included, as per Fig. 1(b). This situation arises because
a condensate molecule need not dissociate back to the
atomic condensate, but may just as well create a pair
of atoms with equal-and-opposite momentum, since only
total momentum is conserved. So-called rogue [11, 21],
or unwanted [22], dissociation to noncondensate modes
therefore introduces the operators ai,±k.
The familiar mean-field equations are derived from
the Heisenberg equation of motion for a given opera-
tor, ih¯x˙ = [x,H], which is derived from the Hamilto-
nian (not shown), and the operators are then declared
c-numbers. In a minimalist model, x represents either
the i-th atomic amplitude ai, the molecular amplitude
b, or the so-called anomalous density, Ak = a1,−ka2,k,
which arises from rogue dissociation to noncondensate
atom pairs of equal-and-opposite momentum. The sum-
mation over k implicit to the Hamiltonian is then con-
verted to an integral over frequency, introducing the fre-
quency ωρ = h¯ρ
2/3/2mr with mr = m1m2/(m1+m2) the
reduced mass of the atom pair. All told, the mean-field
equations of motion are
ia˙1 = − 12Ωa∗2b, (1a)
ia˙2 = − 12Ωa∗1b, (1b)
ib˙ = (δ0 − iΓ0/2)b− 12ξ
∫
dε
√
ε f(ε)A(ε), (1c)
iA˙(ε) = εA(ε)− Ω f(ε)b, (1d)
FIG. 1: (Color online) Few-level illustration for heteronuclear
photoassociation. (a) Basic free-bound transition from the
joint condensate to the electronically-excited molecular state,
where δ0 is the laser detuning from resonance and Ω is the
atom-molecule coupling. (b) Quasicontinuum levels account
for photodissociation to atom pairs with equal and opposite
momentum, where Ωk = Ωfk. (c) For steady-state photodis-
sociation, the system is effectively a two-level system with a
lightshifted detuning δ.
where Ω is the atom-molecule coupling, δ0 is the detun-
ing of the photoassociation laser from the |a1, a2〉 ↔ |e〉
transition, and the natural linewidth of the electronically
excited state is Γ0. A microscopic fraction of molecules
means that Bose enhancement of spontaneous molecular
decay [23] is negligible. Photodissociation is parameter-
ized in terms of the kinetic energy of the atom pair h¯ε,
the coupling 4piξ = Ω/ω
3/2
ρ , and the continuum shape
f(ε). Whereas the standard shape for the continuum
in quantum optics–say, autoionization theory [24]–is a
Lorentzian, here we use a Gaussian for the sake of nu-
merical convergence, where the width is set by the semi-
classical size of the molecular state.
In numerical experiments, the rate is determined from
the time τ required for the atomic probability to decay
to ∼ 1/e,
RN =
1
2ρKN =
1
τ
, (2)
where KN is the rate per unit density, i.e., the rate co-
efficient. The factor of 2 arises since we assume that
losses are observed by monitoring one condensate or the
other, whereas ρ is the total density. Note that the light-
shift correction is obtained as follows: the detuning is set
to an initial nonzero guess, and the time τ required for
Pa ∼ 1/e is determined; the detuning is updated, and
then τ is updated; repeating until τ is minimized.
We also develop a simple analytical result for the atom-
molecule conversion rate, similar to the approach used in
Refs. [17, 18]. In short, we use the adiabatic approxima-
tion A˙ = 0 first to eliminate A, and again in the form
b˙ = 0 to eliminate b. We thus arrive at the usual all-atom
equations of motion with a tunable interaction
a˙1 = −Ω
2
4δ˜
|a2|2a1, (3a)
a˙2 = −Ω
2
4δ˜
|a1|2a2, (3b)
Which defines the (complex) resonant scattering length
ρ−1/3ares = − Ω
2
8piωρ(δ − iΓ/2) . (3c)
Here the detuning and damping are now δ = δ0 + σ0
and Γ = Γ0 + γ. The lightshift is σ0 = <(Σ) and the
photodissociation rate is γ = =(Σ), where
Σ = lim
ω→0
[
1
4Ωξ
∫
dε
√
ε
f2(ε)
ε− ω .
]
(3d)
The rate for two-body losses from the condensate due to
heteronuclear photoassociation is
RA =
1
2ρKA = 4pi
h¯ρ
mr
=(ares). (4)
3Results.–For concreteness, we focus on photoassocia-
tion of a joint Li-Na condensate. The atom-molecule cou-
pling is borrowed from photoassociation of 7Li alone [17],
so that Ω = Ω0
√
ρ/ρ0 with Ω0 = 290 × 2pi kHz and
ρ0 = 4 × 1012 cm3. Also from photoassociation of 7Li
alone [17], the semi-classical size of the molecular state,
which sets the width of the Gaussian f(ε), is taken to
be L = 133a0 with a0 the Bohr radius, and the natural
linewidth of the excited state is Γ0 = 12× 2pi MHz.
Results are shown in Fig. 2 for ρ = 1014 cm−3
[panel (a,c)] and 1012 cm−3 [panel (b,d)]. For lasers
tuned to the usual lightshifted resonance [26], δ0 = −σ0,
the numerical rate maximizes at a critical atom-molecule
coupling Ωc (Fig. 2, dashed green lines), at a value
that increases with decreasing density, Rmax ∼ 4ωρ for
ρ = 1014 cm−3 and Rmax ∼ 5ωρ for ρ = 1012 cm−3. This
density dependence is similar to Ref. [11], which includes
the lightshift σ0. Correcting the lightshift according to
σ = σ0 + 1.2(Ω/Ωc)
2Γ0 leads to saturation instead of
maximization (Fig. 2, dot-dashed red lines). The precip-
itous drop in the numerical rate in panel (a) arises be-
cause, absent the lightshift, the strongly-coupled system
undergoes coherent oscillations between atomic conden-
sate and photodissociated pairs, and the atomic proba-
bility therefore takes longer to drop to Pa ∼ 1/e. Such
oscillations are absent (on the timescale τ) once the light-
shift is corrected. Moreover, the corrected numerical rate
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FIG. 2: (Color online) Many-body rate limit for heteronu-
clear photoassociation of a joint Li-Na condensate. (a,b) The
solid blue line is the analytical rate, and the dashed green
(dot-dashed red) line is the numerical rate without (with)
the unanticipated lightshift. (c,d) Photoassociation rate con-
stant, K = R/ρ, where the solid blue (dot-dashed red) line is
again the analytical (lightshifted numerical) result. The open
red circle in panel (d) is given by Ko = Kmax/(ρh/ρl)
1/3,
where Kmax is the rate constant for ρl = 10
12 cm3 and
ρh = 10
14 cm3.
saturates at a value that increases slightly for increasing
density, Rmax/ωρ = 8.2 (8.8) for ρ = 10
14(12) cm−3, in
contrast to the unshifted result and Ref. [11]. The rate
constant scales with density as K ∝ ρ−1/3, as indicated
by the open red circle in Fig. 2(b). Also, the analytical
results (solid blue lines) agree best with the numerical re-
sults for high density. Finally, R/ωρ depends very weakly
on density, so that inhomogeneous effects, which we have
neglected, should be marginal.
We also compare the many-body rate to the two-body
unitary limit, which is set by the de Broglie wavelength
of the condensate atoms according to
Ru/ρ = Ku =
h¯
mr
ΛD. (5)
In the zero-temperature limit, the de Broglie wavelength
is given by the mean Thomas-Fermi radius of the con-
densate
ΛD = 2RTF =
√
8h¯µ
mω¯2
, (6a)
where ω¯3 = ωxωyωz defines the mean trapping frequency,
and we assume that the frequencies can be adjusted so
that the two condensates have identical sizes. The con-
densate chemical potential is
µ = 12 ω¯
(
15Na
Lho
)(2/5)
, (6b)
where N is the number of atoms in the condensate, a is
the s-wave scattering length [27], and Lho =
√
h¯/(mω¯) is
the harmonic oscillator length scale. Results are shown
in Fig. 3 for trap frequencies satisfying
√
2ωx = ωy =
ωz/
√
2 and Ni = 10
6 atoms. For loose traps, i.e., low
density, the two-body unitary limit set by the condensate
size is over an order of magnitude larger than the many-
body rate limit.
Conclusion–We have investigated the rate limit on
photoassociation of a Bose-Einstein condensate, using an
upgraded many-body model to obtain both numerical
and analytical results. An unanticipated lightshift leads
to a maximum in the numerical photoassociation loss rate
for strong atom-molecule coupling, similar to the many-
body model without spontaneous decay [11]. Once this
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FIG. 3: Unitary-limited photoassociation rate constant for a
Bose-Einstein condensate vs. trap frequency, as per the text.
4lightshift is taken into account, the numerical rate satu-
rates at about 9(h¯ρ2/3/2mr), so that the many-body rate
constant for resonant photoassociation scales with den-
sity as K ∝ ρ−1/3. This limit holds for over two decades
in densities, whereas recent analytical results [21] pre-
dict this density dependence for limited densities. It also
agrees with the rate limit obtained for combined pho-
toassociation and Feshbach resonances [18]. Our own
analytical approximation yields a rate constant that is
independent of density, and agrees best with the numeri-
cal result for dense condensates. Finally, the many-body
rate limit has been shown explicitly to be generally more
strict than a two-body unitary rate limit.
Supported by the National Science Foundation
[1] E. R. Hudson, H. J. Lewandowski, B. C. Sawyer, and J.
Ye, Phys. Rev. Lett. 96, 143004 (2006); S. Kotochigova,
T. Zelevinsky, and J. Ye, Phys. Rev. A 79, 012504 (2009).
[2] D. Skouteris et al., Science 286, 1713 (1999); E.
Garand et al., Science 319, 72 (2008); R. V. Krems,
Physics 3, 10 (2010).
[3] D. DeMille, Phys. Rev. Lett. 88, 067901 (2002); E. Char-
ron, P. Milman, A. Keller, and O. Atabek, Phys. Rev.
A 75, 033414 (2007); K. Tordrup, A. Negretti, and K.
Mølmer, Phys. Rev. Lett. 101, 040501 (2008).
[4] H. P. Bu¨chler, A. Micheli, and P. Zoller, Nature Phys.
3, 726 (2007). M. A. Baranov, Physics Reports 464,
71 (2008); G. Pupillo, A. Micheli, H.P. Bu¨chler, and P.
Zoller, arXiv:0805.1896v1.
[5] P. D. Nation and M. P. Blencowe, arXiv: 1004.0522v1.
[6] E. A. Cornell and C. E. Wieman, Rev. Mod. Phys. 74,
875 (2002); W. Ketterle, Rev. Mod. Phys. 74, 1131
(2002).
[7] E.S. Shuman, J.F. Barry, D.R. Glenn, D. DeMille, arXiv:
0909.2600 [physics.atom-ph].
[8] K. Burnett, P. S. Julienne, and K.-A. Suominen, Phys.
Rev. Lett. 77, 1416-1419 (1996); P. S. Julienne, K. Bur-
nett, Y. B. Band, and W. C. Stwalley, Phys. Rev. A 58,
R797 (1998); J. Javanainen and M. Mackie, Phys. Rev.
A 58, R789 (1998); E. Hodby, S. T. Thompson, C. A.
Regal, M. Greiner, A. C. Wilson, D. S. Jin, E. A. Cornell,
and C. E. Wieman, Phys. Rev. Lett. 94, 120402 (2005).
[9] J. Javanainen and M. Mackie, Phys. Rev. A 59, R3186
(1999); D. J. Heinzen, R. Wynar, P. D. Drummond, and
K. V. Kheruntsyan, Phys. Rev. Lett. 84, 5029 (2000); A.
Vardi, V. A. Yurovsky, and J. R. Anglin, Phys. Rev. A
64, 063611 (2001); J. J. Hope and M. K. Olsen, Phys.
Rev. Lett. 86, 3220 (2001).
[10] K.-K. Ni et al., Science 322, 231 (2008); F. Lang et al.,
Phys. Rev. Lett. 101 133005 (2008); J. G. Danzl et al.,
Nature Physics 6, 265 (2010); T. Ko¨hler, K. Go´ral, and
P. S. Julienne, Rev. Mod. Phys. 78, 1311 (2006).
[11] J. Javanainen and M. Mackie, Phys. Rev. Lett. 88,
090403 (2002).
[12] J. L. Bohn and P. S. Julienne, Phys. Rev. A 60, 414
(1999); J. Weiner, V. S. Bagnato and S. Zilio, and P. S.
Julienne, Rev. Mod. Phys. 71, 1 (1999).
[13] U. Schlo¨der, C. Silber, T. Deuschle, and C. Zimmermann,
Phys. Rev. A 66, 061403 (2002).
[14] I. D. Prodan, M. Pichler, M. Junker, R. G. Hulet, and J.
Bohn, Phys. Rev. Lett. 91, 080402 (2003).
[15] C. McKenzie, J. Hecker Denschlag, H. Ha¨ffner, A.
Browaeys, L. E. E. de Araujo, F. K. Fatemi, K. M. Jones,
J. E. Simsarian, D. Cho, A. Simoni, E. Tiesinga, P. S.
Julienne, K. Helmerson, P. D. Lett, S. L. Rolston, and
W. D. Phillips, Phys. Rev. Lett. 88, 120403 (2002).
[16] M. Junker, D. Dries, C. Welford, J. Hitchcock, Y. P.
Chen, and R. G. Hulet, Phys. Rev. Lett. 101, 060406
(2008).
[17] M. Mackie, M. Fenty, D. Savage, and J. Kessleman, Phys.
Rev. Lett. 101, 040401 (2008).
[18] M. Mackie and C. DeBrosse, Phys. Rev. A 81, 043625
(2010).
[19] J. P. Shaffer, W. Chalupczak, and N. P. Bigelow, Phys.
Rev. Lett. 82, 1124 (1999); A. J. Kerman et al., ibid. 92
033004 (2004); D. Wang et al., ibid. 93, 243005 (2004).
[20] E. Timmermanns, arXiv:cond-mat/9709301v2 (1997); B.
D. Esry, C. H. Greene, J. P. Burke, Jr., and J. L. Bohn
Phys. Rev. Lett. 78, 3594 (1997); P. Ao and S. T. Chui,
Phys. Rev. A 58, 4836 (1998).
[21] P. Naidon and F. Masnou-Seeuws, Phys. Rev. A 68,
033612 (2003); P. Naidon, E. Tiesinga, and P. S. Juli-
enne, Phys. Rev. Lett. 100, 093001 (2008).
[22] K. Go´ral, M. Gajda, and K. Rza¸z˙ewski, Phys. Rev. Lett.
86, 1397 (2001); M. Holland, J. Park, and R. Walser,
Phys. Rev. Lett. 86, 1915 (2001).
[23] A. Go¨rlitz, A. P. Chikkatur, and W. Ketterle, Phys. Rev.
A 63, 041601 (R) (2001).
[24] U. Fano, Phys. Rev. 124, 1866 (1961); K. Rza¸z˙ewski and
J. H. Eberly, Phys. Rev. Lett. 47, 408 (1981); P. Lam-
bropoulos and P. Zoller, Phys. Rev. A 24, 379 (1981);
G. S. Agarwal, S. L. Haan, K. Burnett, and J. Cooper,
Phys. Rev. Lett. 48, 1164 (1982); S. M. Barnett and P.
M. Radmore, Methods in Theoretical Quantum Optics,
Oxford University Press (Oxford, 1997).
[25] J. Javanainen and M. Y. Ivanov, Phys. Rev. A 60, 2351
(1999); M. Mackie, PhD Dissertation, University of Con-
necticut (1999).
[26] P.O. Fedichev, Y. Kagan, G.V. Shlyapnikov, and J.T.M.
Walraven, Phys. Rev. Lett. 77, 2913 (1996); J.L. Bohn
and P.S. Julienne, Phys. Rev. A 56, 1486 (1997); K.
M. Jones, S. Maleki, L. P. Ratliff, and P. D. Lett, J.
Phys. B30, 289 (1997); J.M. Gerton, B.J. Frew, and R.G.
Hulet, Phys. Rev. A 64, (R) 053410 (2001).
[27] Although photoassociation is known to change the s-
wave scattering length, condensate expansion due to a
changing scattering length occurs on the timescale of the
motion of the atoms in the trap, which is much longer
than the timescale for photoassociation, and we there-
fore take the s-wave scattering length as the background
(zero-field) value.
